Abstract-The objectives of this study were to test whether a hybrid neuroprosthesis (HNP) with an exoskeletal variableconstraint hip mechanism (VCHM) combined with a functional neuromuscular stimulation (FNS) controller can maintain upright posture with less upper-limb support and improve gait speed as compared with walking with either an isocentric reciprocating gait orthosis (IRGO) or FNS only. The results show that walking with the HNP significantly reduced forward lean in FNS-only walking and the maximum upper-limb forces by 42% and 19% as compared with the IRGO and FNS-only gait, respectively. Walking speed increased significantly with VCHM as compared with 1:1 reciprocal coupling and by 15% when using the sensor-based FNS controller as compared with HNP with fixed baseline stimulation without the controller active.
INTRODUCTION
Trunk-hip-knee-ankle-foot orthoses (THKAFOs) for restoring gait after paralysis from spinal cord injury (SCI) provide upper-body postural support by means of a thoracic jacket coupled to the hips. For example, the hip guidance orthosis [1] constrains all hip joint motion to the sagittal plane, thus providing coronal trunk support. However, the range of hip flexion is limited with mechanical stops to prevent excessive forward trunk lean [2] . The reciprocating gait orthosis (RGO) [3] also constrains trunk and hip motion in the coronal plane and incorporates a mechanism that reciprocally couples hip flexion with contralateral hip extension. During stance, the RGO provides trunk support and reciprocal stepping initiated by contralateral hip extension. However, because sagittal hip motion is linked to trunk motion through a rigid corset, contralateral hip extension requires posterior trunk motion by means of the upper limbs, which is counterintuitive for stepping forward and may be confusing for the user. Furthermore, reciprocal coupling between the hips is fixed at a 1:1 hip flexion and extension ratio, limiting step length [4] . These compromises, however, have not discouraged continued development to improve the functional performance of the RGO since reciprocal hip coupling has been shown to maintain trunk posture [4] [5] , which may have the effect of reducing energy costs [6] [7] .
Initial improvements to the RGO ranged from simplifying the hip reciprocating mechanism using Bowden cables [3, 8] for torque transfer to a simple pivoting bar and tie rod design known as the isocentric RGO (IRGO) [9] . A modified hip mechanism in the R 2 GO [10] facilitates the pelvic rotation characteristic of normal gait by coupling hip flexion with ipsilateral external hip rotation and hip extension with ipsilateral internal hip rotation in addition to reciprocal coupling between the hips in the sagittal plane. The R 2 GO reduced vertical displacement of the center of mass by 8 cm relative to that of an RGO in an individual with SCI and resulted in a more efficient pattern of horizontal pelvic rotation [10] . Other innovations involved the application of external power assistance to the RGO including direct current motors [11] [12] [13] and pneumatic artificial muscles [14] to help drive the reciprocal motion of the RGO. Such power-assisted RGOs decreased effort by users with SCI relative to walking with a standard RGO and have been shown to reduce the lateral and vertical compensatory motions involved in standard RGO gait [11, 15] . However, improvements to the standard RGO resulted in minimal increase in walking speed primarily with increased cadence since the constraints imposed on the sagittal kinematics by the 1:1 reciprocal hip coupling limiting step length were not addressed [16] . A promising new approach involves combining functional neuromuscular stimulation (FNS) with controllable exoskeletons to provide a more efficient power for ambulation with potential for the physiological benefits of active muscle contraction [17] . Exoskeleton portion of hybrid neuroprosthesis consisting of hydraulic variable-constraint hip mechanism, stance-control knee mechanisms, and locked ankle-foot orthoses.
An RGO configured for a 2:1 reciprocal hip flexion and extension coupling directed toward more physiological kinematics both increased stride length and decreased energy cost, with appreciable increase in gait speed when hip flexion was assisted by FNS [18] . However, the postural support provided by RGOs are intermittent and only beneficial during the double support phases of gait and actually hinder lower-limb kinematics during the rest of the gait cycle [5] . Thus, a hydraulic variable-constraint hip mechanism (VCHM) was developed [19] to actively modulate the reciprocal coupling of the hips (Figure 1) . The VCHM was designed to reciprocally couple the hips or independently free or lock a hip against motion through sensor signal feedback control. Hip reciprocation would only be active during instances of trunk instability as dictated by sensor feedback; otherwise, the hip would be freed to allow for variable step lengths. The VCHM was envisioned to work in conjunction with FNS, which would provide the power to actively rotate the hip joints through the stimulated contraction of the flexor and extensor muscles.
In this study, the VCHM was incorporated into a hybrid neuroprosthesis (HNP) that utilized FNS to power lower-limb movements and a THKAFO to provide support. The overall objective was to determine the effects of the VCHM combined with the sensor-based control of FNS on trunk orientation, upper-limb forces on a walking aid, and step length relative to existing gait interventions for functional compensation of walking in paraplegia. The following hypotheses were tested as part of this study: (1) the VCHM can maintain upright walking posture comparable with the IRGO; (2) walking with an HNP incorporating the VCHM requires less upper-limb support than IRGO-only and FNS-only systems; (3) the VCHM allows the FNS to improve hip flexion during swing, with step length comparable with FNS-only gait; and (4) a rule-based feedback FNS controller in combination with the VCHM improves hip dynamics and gait speed.
METHODS

Test Cases
An HNP consisting of an exoskeleton and an implanted FNS system was implemented and evaluated with a sensor-based controller for walking after paralysis from SCI. The exoskeleton weighing 22.2 kg was a modified IRGO where the reciprocating bar was replaced with the VCHM and the drop-lock knee joints were replaced with a pair of prototype hydraulic stance-control knee mechanisms (SCKMs) [19] [20] . The SCKM was necessary to lock the knee in extension against collapse during stance while allowing for free motion during FNS-driven swing (Figure 1) . Multiple control and experimental cases were examined to quantify the rule-based feedback (sensorbased) control of VCHM and FNS ( 
Rule-Based Feedback Control of Variable-Constraint Hip Mechanism
The VCHM was designed as a closed hydraulic system to couple, free, or lock the hips [19] . The mechanism provides stance hip support by constraining the hip against flexion while allowing it to extend by means of hip extensor stimulation during contralateral swing. By freeing the hip from flexion constraint, the leg is free to swing, allowing variable step length with the FNS-driven hip musculature. The upright trunk posture is maintained by coupling of the hips, which prevents bilateral hip flexion in order to minimize the use of upper limbs for support. A modified finite state machine [21] was designed to control the VCHM during standing and walking (Figure 2) . Operation of the VCHM required real-time detection of double support, single support, and swing phases of the gait cycle (Figure 2) . The rules to transition the VCHM among coupled, freed, and locked states were based on an event detector that discriminated among the gait phases using foot-ground contact signals derived from the FSRs. A high signal from either heel or forefoot FSR, designated by two set thresholds, indicated that the corresponding foot was in contact with the ground, whereas the foot was designated as off the ground only if both the heel and forefoot FSR signals were below a specified threshold.
Hip joint trajectories were defined by FNS and controlled by the real-time, rule-based controller to maintain erect posture and improve step length. Because the rigid thoracic jacket couples pelvis to trunk, any hip flexion results in forward lean of the trunk. During the double support phases of gait, the hips were reciprocally coupled to prevent bilateral hip flexion. However, the feedback from the VCHM cylinder pressures allowed for hip extension to facilitate posture correction by the user. During single support, the stance hip was freed to extend under FNS control. Any stance hip flexion (i.e., forward trunk tilt) was prevented by the unidirectional locking of the hip joint against further hip flexion based on ipsilateral hip angular velocity and VCHM pressure feedback. Failure of the stance hip to extend with stimulation would result in bilateral hip flexion, which initiated reciprocal coupling such that the contralateral FNS-controlled hip flexion assisted extension of the stance hip. Note that locking the stance hip against flexion was chosen to be the initial response to insufficient extension over reciprocally coupling the hips, which might otherwise impede swing hip flexion and hence reduce step length. Whether through locking or reciprocal coupling, the stance hip flexion was impeded to minimize anterior trunk tilt.
The hip was freed throughout the swing phase, allowing the VCHM to accommodate any step length achievable by FNS. However, if the contralateral stance hip was unable to extend efficiently, the hips were reciprocally coupled during swing. Thus, this control scheme allowed free hip flexion during swing for increasing the step length, provided that stimulation of hip flexors could drive the contralateral limb into extension. The controller parameters were defined through preliminary bench [19] [20] and nondisabled testing.
Rule-Based Feedback Control of Functional Neuromuscular Stimulation
Real-time modulation of FNS was synchronized with operation of the exoskeleton through sensor feedback. The goal was to achieve desired end points in the joint trajectories during gait and deactivate target muscles once these end points had been met. In this study, only stimulation to hip extensors was modulated by the rulebased feedback controller to maintain posture and power for forward progression.
The FNS controller was implemented to maintain functional hip extension motion throughout single stance. Stimulation parameters within the safe limits of stimulation with intramuscular electrodes were used with constant current stimulus pulses of 20 mA in amplitude and pulse width (PW) modulated between 0 and 250 μs [22] . Muscle fiber recruitment was modulated with stimulus PW [23] , while additional force was generated by increased frequency [24] . Due to software limitations, stimulus frequency could only be switched between 16.67 and 33.33 Hz. The lower frequency was used mostly to minimize muscle fatigue [25] . Stimulation to the hip extensor muscles was modulated relative to a baseline pattern (i.e., the preprogrammed stimulation for open-loop FNS-only walking) according to the following three rules.
Rule 1
If the hips are coupled by the VCHM during single stance, then the stimulation PW and frequency of the stance limb hip extensors are maximally increased. Single stance occurred when the ipsilateral SCKM was locked and contralateral SCKM was unlocked. Reciprocal coupling during single stance occurred when both hips were flexed such that contralateral hip flexion assisted ipsilateral hip extension. To maximize hip extension and minimize the impediment to contralateral flexion, stimulation to the ipsilateral hip extensors was increased.
Rule 2
If the hip is locked against flexion during single stance by the VCHM, then the stimulation PW and frequency of the stance limb hip extensors are maximally increased. This rule was designed to ensure continuous hip extension during single stance to maintain forward propulsion and prevent anterior trunk tilt.
Rule 3
If the stance hip is fully extended, then the stimulation to the stance hip extensors is deactivated. Stance was defined by a locked SCKM. The hip is fully extended once the hip angle crosses below a first threshold (8°, hip extension is negative) and is considered fully extended as long as it remains greater than a second hip angle threshold (0°). The difference between the first and second hip angle thresholds is the acceptable compliance of the VCHM while it is constraining the hip against flexion, which was determined in bench testing to be approximately 8° at a locking torque of 35 Nm [20] . Rule 3 took precedence over rule 2. Thus, once the stance hip was fully extended, stimulation to hip extensors was deactivated. Any stance hip flexion would then be prevented by the VCHM, locking the hip against flexion.
Controller Implementation
The VCHM, SCKM [19, [26] [27] , and FNS controllers were implemented in MATLAB ® , Simulink ® , and xPC Target (The MathWorks Inc; Natick, Massachusetts). A target computer ran the controller application in real time and processed analog and digital input and output (data acquisition) (National Instruments; Austin, Texas) for feedback signal acquisition and control output to the hip and knee mechanisms of the exoskeleton. The exoskeleton was tethered to the target computer via 20 m of shielded multiconductor cabling. The sampling frequency of the controllers was set at 200 Hz. The VCHM potentiometer signals were low-pass filtered (5th-order Butterworth) at a cutoff frequency of 10 Hz, while the pressure and FSR signals were low-pass filtered (7th-order Butterworth) at a cutoff frequency of 20 Hz. A custom MATLAB ® graphical user interface on a host computer was used for the building, sensor zeroing, and tuning of the controllers on the target computer. Biphasic charge-balanced asymmetric pulses for each channel of muscle stimulation were output by a custom computer-controlled stimulator called the universal external control unit (UECU) [28] , which was attached to the exoskeleton. A 20 m, 550 MHz patch cable was used to connect the UECU to the target computer. PW and frequency parameters were updated on the UECU by the target computer every 30 ms.
Evaluation
A within-subject experimental design was used to test hypotheses on the effect of different walking system configurations. While practice and carryover effects could be major disadvantages of this study design, precautions were taken to minimize them in this study. Because the main purpose of this study was to test the feasibility of the new hip control strategy, a single subject with implanted electrodes was sufficient for testing. While this study has limited generalizability, it can be useful for developing and refining new HNPs for walking in paraplegia. It will help in defining the outcome measures and the effect size that produce clinically meaningful improvements for future, larger-scale studies.
A male with a thoracic level 9, American Spinal Injury Association A class SCI consented to participate in this study approved by the local institutional review board. He was 64 yr old, 70 kg, 158 cm tall, and an experienced FNS user. He received a multichannel FNS-only system over 25 yr prior to enrollment and used it to exercise approximately 1 h per day and walk approximately five times per week for about 200 m per session with standby assistance [29] .
He had 22 percutaneous intramuscular electrodes implanted to control his hip flexors (iliopsoas), hip and knee flexors (sartorius, gracilis, tensor fasciae latae), hip extensors (hamstrings, gluteus maximus, posterior portion of adductor magnus), knee extensors (quadriceps without rectus femoris), ankle dorsiflexors and evertors (tibialis anterior and peroneus longus), and ankle plantar flexors (gastrocnemius). Two electrodes were implanted for redundancy to control quadriceps and a single electrode recruited both tibialis anterior and peroneus longus to achieve balanced ankle dorsiflexion. In addition, surface electrodes were used to activate the trunk extensors. Preprogrammed patterns of stimulation for FNS-only walking ( Figure 3) were generated according to a rule-based algorithm for synthesis of paraplegic gait [30] and were used as a baseline for the FNS controller. Stimulation patterns for sitting and standing were adjusted heuristically based on user feedback. Stimulated responses between legs varied somewhat due to electrode position, muscle fiber type, and joint passive properties. For all test cases involving FNS, Figure 3 shows the baseline stimulus patterns used. The light and dark bands indicate stimulation frequencies of 16.67 and 33.33 Hz, respectively. Normally, the low-stimulation frequency producing fused muscle contraction would be preferable to minimize muscle fatigue. Thus, short bursts of higher-frequency stimulation were used to attain immediately strong and rapid contractions that were followed by lower-frequency stimulation to maintain the responses. For example, highfrequency stimulation was used for the hip and knee flexors and ankle dorsiflexors to accelerate the leg into swing. During terminal swing, the frequency was reduced in preparation for heel strike. High-frequency stimulation was also delivered to the hip extensors during loading to provide extra extension moment for moving the body forward, while low-frequency stimulation was used during mid and terminal stance to maintain hip extension. Lowfrequency stimulation was, therefore, the default state and applied for longer periods of time during the gait cycle than high-frequency stimulation.
To don each exoskeleton configuration, the participant transferred from his wheelchair into a chair on which the exoskeleton was placed with the thigh uprights abducted and the knees flexed. The exoskeleton was fastened to the user via straps across the lower torso, pelvis, and just below the knee, and shoes were worn over bilateral fixed ankle-foot orthoses. Hip adduction and abduction were locked at neutral by a spring-loaded drop lock.
The vertical components of the forces applied to the walker by the upper limbs were measured with load cells (AMTI Inc; Watertown, Massachusetts) attached to each handle (Figure 4 ) and low-pass filtered (7th-order Butterworth) at a cutoff frequency of 20 Hz. For all experimental cases, upper-limb forces were normalized to the participant's body weight in order to determine the reduction of the upper-limb effort regardless of the weight of the device (the IRGO and SCKM weighed 11 kg while the VCHM and SCKM weighed 22 kg). The resistive hip torque by the exoskeleton during walking was calculated from the VCHM hydraulic pressure data and transmission geometry.
A 16-camera Vicon MX40 (Vicon Inc; Oxford, United Kingdom) motion analysis system (sampling at 100 Hz) recorded the three-dimensional coordinates of reflective markers placed on the exoskeleton and/or bony landmarks of the body [31] . Trunk and joint kinematics, gait speed, cadence, and step length were derived from the marker coordinates offline. The target computer used for control and the Vicon system computer used for performance analysis were synchronized by a digital pulse sent from the target computer to the Vicon system computer at the beginning of data acquisition. For each test case, the participant walked along an 8 m walkway at his preferred speed for six trials. IRGO-only, FNS-only, and HNP RGO walking systems were tested on separate days with 5 min rests between trials. The HNP open and the HNP with FNS controller were tested on two separate days in a random order with the subject blinded to the configuration used. For FNS-only walking, the free cycling preprogrammed pattern of stimulation was initiated and stopped by a finger switch and adjusted to the subject's comfortable speed. For all other test cases involving FNS, each step was triggered manually by the user via a finger switch at his preferred rate. Under all conditions, a spotter walked alongside the participant for safety. Data were analyzed and averaged with respect to percentage gait cycle with ±1 standard deviation. The gait cycle was resolved from heel strikes that were determined from the vertical minima of the calcaneus marker coordinates in the vertical axis of the Vicon work volume. Data from each leg were considered to be independent and analyzed separately. The mean and average maximum gait kinematics were determined from approximately 20 strides for each test case. Analysis of variance with 95 percent confidence (p < 0.05) determined statistical significance between experimental and control cases. Figure 5 shows the participant walking with three configurations of the assistive systems: IRGO only, FNS only, and HNP with rule-based feedback control. Figure 6 summarizes the mean and average maximum trunk orientation for all test cases. There was on average 10° (p < 0.001) more anterior trunk lean with the HNP open than walking with the IRGO only or with HNP IRGO (p < 0.001). This additional amount of forward trunk tilt may be because of a combination of VCHM compliance and any forward trunk tilt during sensor zero calibration. In spite of this modest amount of forward trunk tilt, the VCHM was providing significant support resisting up to 12 Nm of hip flexion torque to maintain posture during walking. The mean and average maximum forward trunk lean of the HNP open were, respectively, 36 percent (p < 0.001) and 22 percent (p < 0.001) less than during FNS-only walking. No additional improvements in posture were noted with sensor-based FNS control. These results indicate that the VCHM maintained 
RESULTS
Variable-Constraint Hip Mechanism Effect on Trunk Orientation
Variable-Constraint Hip Mechanism Effect on UpperLimb Forces
The mean and average maximum upper-limb forces applied to the walker for the HNP open were, respectively, 8 percent (p = 0.01) and 42 percent (p < 0.001) less than during IRGO-only walking and, respectively, 28 percent (p < 0.001) and 19 percent (p < 0.001) less than for the FNS-only walking (Figure 7) . The mean and average maximum upper-limb forces were 9 percent (p = 0.04) higher and 12 percent (p = 0.03) lower when using the VCHM instead of the IRGO in the hybrid configuration. These results show that the HNP open decreased the upper-limb loads relative to FNS-only gait and contributed to reducing the higher loads observed with the use of a 1:1 hip reciprocator. These reductions in upper-limb forces were apparent even with the weight of the exoskeleton, indicating that the exoskeleton was self-supporting.
Variable-Constraint Hip Mechanism Effect on Hip Flexion and
Step Length Figure 8 shows that the HNP open (solid line) was able to achieve hip flexion that was from 60 to 115 percent greater when using VCHM as compared with HNP IRGO (dashed line) with a fixed 1:1 hip coupling ratio (p < 0.001) and 53 percent (right: p < 0.001) to 58 percent (left: p < 0.001) less than those exhibited during FNS-only walking (dash-dotted line). This suggests that the VCHM provided a degree of reciprocal coupling intermediate to the continuous 1:1 ratio of the IRGO and the uncoupled FNS only, which usually contains exaggerated movements during short walks [30] .
The average step length of the left leg of the HNP open was significantly longer than walking with the IRGO only (p < 0.001) or with the HNP IRGO (p < 0.001) ( Table 2) Figure 9 shows the average hip angles for the HNP (solid line) and HNP open (dashed line) and the percentage of samples that the hip extensor stimulus was deactivated and stimulus frequency was increased when using the FNS controller. For the HNP, hip extensor stimulation was deactivated between 40 and 60 percent of the gait cycle at the end of the stance phase when the hip was Increases of the stimulation frequency from 16.67 to 33.33 Hz occurred during stance for both hips. Frequency modulation occurred more often on the right side. This was because baseline stimulus frequency for the right gluteus maximus was set at a constant 16.67 Hz, allowing for modulation to take place (Figure 3) . The baseline stimulus frequencies for other hip extensors such as the adductor magnus, hamstrings, and left gluteus maximus were already set for the upper limit of 33.33 Hz for a portion of the stance phase. Similarly, no intermediate stimulus PW modulation occurred because baseline stimulus PW for all hip extensors were already set to their maximum safe levels for intramuscular electrodes [22] . Thus, the only PW modulation occurred when PW was reduced to zero when stimulation was deactivated. Hip locking against flexion occurred infrequently throughout stance for both cases occurring 0.6 percent (left) and 1.5 percent (right) of the total walking duration with the FNS controller and 1.0 percent (left) and 0.1 percent (right) without it. When using the FNS controller, deactivation of hip extensor stimulation was generally coincident with hip locking such that support of the hips against flexion was transferred from FNS to the VCHM. Instances of hip uncoupling were also infrequent, occurring approximately 5.7 percent of the time when using the FNS controller and 2.5 percent of the stride duration without it. Hip uncoupling during swing reduced the resistance from the contralateral limb and passive resistance of the VCHM [19] , thus allowing for uninhibited motion. The average resistive torques applied by the VCHM at the hip with the FNS controller were 28 to 37 percent smaller than those with preprogrammed stimulation patterns (left: p = 0.02, right: p = 0.05) (Figure 10) . The average maximum resistive torque of 10 Nm for the HNP with the FNS controller was 17 percent lower on the left side (p = 0.03) than for HNP open without FNS controller. Since there were more instances of hip uncoupling when using the FNS controller, the VCHM resisted the user less than with preprogrammed stimulation.
Functional Neuromuscular Stimulation Controller Effect on Hip Dynamics
These results contributed to an 8 percent increase in the average hip range of motion when using the VCHM with the FNS controller relative to the VCHM with preprogrammed stimulation (left: p = 0.05, right: p = 0.04). This translated functionally into an increase in step length ( Table 2 ) of the right side (p = 0.05), attributed primarily to increased left hip extension (p = 0.01). The increased step length facilitated a slight increase in gait speed averaged per stride of the HNP (p = 0.03).
DISCUSSION
The purpose of the HNP is to improve walking in individuals with paraplegia and minimize the upper-limb forces for support. The HNP design explored in this study combined an exoskeleton (for support) with FNS (to provide power for movement). The exoskeleton with controllable joint constraints at the hips (VCHM) and knees (SCKM) provided support in combination with a rulebased feedback FNS controller that regulated hip motion as necessary. The cooperative interaction of the VCHM and the FNS controller can be summarized as follows. The VCHM prevented anterior trunk tilt as indicated by the measured flexion torque resisted by the VCHM. Hip uncoupling was more prevalent with the FNS controller (i.e., HNP) as evidenced by increases in stimulus frequency to the hip extensors during stance, which acted to drive the hips further into extension in coordination with VCHM. The absence of bilateral hip flexion caused the VCHM to uncouple the hips, thus allowing for unimpeded hip motion and modulation of stride length and velocity. This can be concluded from the fact that the flexion torque resisted by the VCHM when using the rule-based feedback FNS controller was significantly less than with preprogrammed open-loop stimulation. When full stance hip extension was achieved, the FNS controller responded by deactivating the hip extensors, transferring trunk and hip support to the VCHM, which was appropriately locked against flexion. The increased hip range of motion with the HNP led to functional improvements in step length and gait speed over the same exoskeleton under open-loop control (i.e., HNP open ). There was a significant reduction in walking speed when comparing HNP with FNS-only walking and the speed improved when constraints of reciprocal coupling of the hips were removed. Similarly, even though the weight of the HNP was more than twice the weight of IRGO, the walking speed was considerably faster with HNP than with IRGO with reciprocal coupling. Thus, reducing the weight of the HNP and minimizing constraints of coupling has the potential to significantly improve the speed of walking.
The results in this study support the feasibility of this system in the following ways. First, the prototype VCHM was able to support the user, reducing the amount of anterior trunk tilt compared with FNS-only walking as well as the amount of upper-limb support relative to both IRGOonly and FNS-only walking. Noteworthy, the user upperlimb loading was reduced even though the exoskeleton component of the HNP was approximately one-third of the user's body weight, further indicating that the exoskeleton was self-supporting. Second, the rule-based modulation of the VCHM allowed for improved hip flexion relative to walking with an IRGO that had a fixed 1:1 hip coupling ratio, resulting in faster gait speeds. Increase in the hip flexion during swing with increasingly relaxed hip constraints (FNS only > VCHM > IRGO) generally resulted in an apparent increase in knee flexion (Figure 8) . Since identical baseline stimulus parameters were implemented for all cases, this suggests that the amount of knee flexion is largely attributed to the thigh orientation and knee moment imposed by gravity on the lower leg. Third, the regulation of hip motion with rule-based feedback control of VCHM was shown to allow for step lengths comparable with FNS-only walking. Furthermore, the rule-based feedback control of FNS allowed for real-time increases in stimulation frequency to the hip extensors, leading to increased hip extension, reduced dependency of the VCHM to support against bilateral hip flexion, and increased step length and gait speed. Collectively, the results of this study demonstrated that the VCHM of the HNP with passive resistance of less than 4 Nm and the potential to provide up to 42 Nm of resistive torque [19] [20] was able to provide resistive moment of 10 Nm for functional support to the user with reduced arm support and without compromising the stepping kinematics facilitated by the FNS as shown by step length comparable with unconstrained FNS-only walking.
Both the relative reduction in the upper-limb loads with the VCHM compared with FNS-only gait and the measured flexion torque resisted by the VCHM indicate that the VCHM effectively restricted against anterior trunk movements. However, the inability of the VCHM to maintain posture comparable with the IRGO only or HNP IRGO may still contribute to upper-limb effort. The mean upperlimb force of the VCHM-based HNPs was significantly higher than that of the HNP IRGO . Conversely, the maximum upper-limb loads exhibited during use of VCHMbased HNPs were less than HNP IRGO , suggesting that the constraints of the fixed 1:1 hip coupling ratio of the IRGO may also negatively affect user effort.
When walking with the VCHM, the sagittal posture of the trunk depends on whether the hip can reach full extension at the end of stance. With maximal stimulation and the help of reciprocal hip coupling, full hip extension was rarely achieved as indicated by minimal instances in which the hip extensors were deactivated during walking with the HNP. Furthermore, the use of hip coupling during single stance to assist hip extension impeded contralateral hip flexion. This may be the primary reason that the hip flexion achieved with the VCHM-based HNPs was significantly smaller than that observed during FNSonly gait.
Depending on the muscle, the number of pulses per stride and total charge injected to the target hip extensors with the FNS controller were 20 to 50 percent larger than baseline levels (Figure 3) . This was because the dominant action of the controller was to increase stimulus frequency during stance rather than deactivate muscles below baseline levels. Although injected charge was well within prescribed safety limits [22] , the observed increases in stimulus frequency may expedite the onset of muscle fatigue since the concurrent reduction in stimulus pulse duration occurred relatively infrequently and decreased the average duty cycle of all the target hip extensors by only 2.2 percent. As muscles fatigue and end point cannot be reached, more effort is required by the user to maintain posture. On the other hand, if subject has strong stimulated hip extensors and end points are reached quickly, the stimulation duty cycle can be reduced and delay muscle fatigue. In this study, only stimulation to hip extensors was modulated by the rule-based feedback controller to maintain posture and power for forward progression to minimize user effort. By improving the FNS controller where stimulation PW and frequency are modulated based on an error from desired trajectory rather than from a baseline stimulation pattern used in FNS-only walking, the duty cycle may be reduced to delay muscle fatigue. In addition, implementation of plantar flexion control for push-off should further improve forward progression and reduce demand on hip extensors.
Operation of the HNP focused on achieving full hip extension at the end of stance. Full extension of the stance hip is crucial for maintaining forward propulsion and upright trunk posture. Future work to improve the postural control of this system should focus on increasing the mechanical efficiency of the VCHM [19] by reducing system compliance to provide more efficient reciprocal coupling and make the VCHM more resistant to bilateral hip flexion. In addition, hip coupling alone may not be sufficient in assisting hip extension without an active component. Thus, the incorporation of an active component to the exoskeleton may be necessary to augment hip extension and to reduce the high-stimulus parameter levels that may contribute to muscle fatigue. Since hip flexion is critical to providing walking on uneven terrain encountered in activities of daily living, an active component for hip flexion can ensure sufficient clearance during swing while assisting the hip extension of the stance leg as needed through reciprocal coupling. Once the stance hip is extended to neutral, the hip can be locked and decoupled to allow the swing leg to flex freely for increased step height and length. By improving hip extension, it is reasonable to expect that deactivation of stimulation to the hip extensors via the FNS controller will be more prevalent. This may lead to significant reductions in hip extensor duty cycle that would be beneficial in minimizing fatigue.
While assistive power is likely to increase the weight of the exoskeleton, there are other means of keeping the weight down. For example, we achieved a 30 percent reduction in weight by redesigning the rack and pinion of the original prototype used in this study and using carbon fiber for the lateral uprights. This modification brought the weight below that of commercially available motorized exoskeletons where most of the weight is distributed distally. Additional weight reduction will come from custom-designed hydraulic cylinders and valves. Our plan for assistive power is to use pressurized fluid located proximally on the corset and distributed distally to the hip and knee as needed. Thus, minimal additional weight will be added distally to minimize torque requirement for leg movements with FNS.
CONCLUSIONS
A sensor-based hip control of the HNP with exoskeletal VCHM and implanted FNS enabled an individual with paraplegia from SCI to maintain a more erect posture than with stimulated hip and trunk muscles assisted by the upper limbs when walking with FNS only and not as erect as when walking with IRGO. The upper-limb forces were significantly reduced with VCHM as compared with walking with IRGO or FNS only even with the weight of the exoskeleton. The speed of walking with variable hip coupling increased over continuous reciprocal hip coupling by increasing step length and was comparable to FNS-only walking with unrestrained hip motion. When the FNS controller of hip muscles was active in addition to controller of the VCHM, the uncoupling of hips with the VCHM occurred more often and resistive moments provided with bracing for stability were reduced.
